Damage to regional brain vasculature and neuronal tissues occurs during acute cerebrovascular diseases, such as ischemic stroke. Promoting vascular regeneration is the most promising therapeutic approach. To understand cellular and molecular mechanisms underlying brain vascular regeneration, we developed two zebrafish cerebrovascular injury models using genetic ablation and photochemical thrombosis. Although brain parenchyma is physiologically devoid of lymphatic vasculature, we found that cerebrovascular injuries induce rapid ingrowth of meningeal lymphatics into the injured parenchyma. The ingrown lymphatics on one hand become lumenized
2 to drain interstitial fluid to resolve brain oedema, on the other hand act as "growing tracks" for nascent blood vessels and produce Vegfa to promote the neoangiogenesis.
The ingrown lymphatic vessels undergo apoptosis and clearance after cerebrovascular regeneration. This study reveals a pathological function of meningeal lymphatics, through previously unexpected ingrowth into brain parenchyma and a newly identified lymphatic function as vascular "growing tracks".
Ischemic stroke develops when a blood vessel supplying blood to a brain area is blocked. It causes injury to the regional vascular and neuronal tissues and becomes a major cause of death and adult disability [1] [2] . Promotion of cerebrovascular regeneration, involving the growth of nascent blood vessels (neoangiogenesis) into the post-ischemic infarction area, is a prerequisite to re-nourish the injured brain parenchyma thus becoming the most promising therapeutic approach [3] [4] . Angiogenic signals including factors and proteases such as VEGF, PDGF and matrix metalloproteinases have been reported to originate from injured neurons, reactive astrocytes and blood vessels [5] [6] [7] . However, studies have yet to be made to understand cellular and molecular mechanisms underlying how the injured brain parenchyma becomes revascularized.
Lymphatic vessels play essential roles in fluid homeostasis, fat absorption, and several pathological processes including lymphedema and tumor metastasis. Despite recent discovery of meningeal lymphatics including meningeal lymphatic vessels in 3 mouse and mural lymphatic endothelial cells (muLECs) in zebrafish [8] [9] [10] [11] [12] , the brain parenchyma is devoid of lymphatic vessels under physiological conditions. Whether lymphatic vessels are able to invade brain parenchyma and whether meningeal lymphatics play roles under pathological circumstances are unknown.
Results

Establishment of a brain vascular injury-regeneration model in zebrafish
The zebrafish model system has substantially contributed to the understanding of angiogenesis and lymphangiogenesis during embryonic development [13] [14] [15] as well as organ regeneration [16] [17] [18] [19] . To study brain vascular regeneration, we established a zebrafish cerebrovascular injury model using the NTR-Mtz system 18, 19 . The Tg(kdrl:DenNTR) cq10 transgenic line was generated, with Dendra2 (Den) fused to NTR and driven by the vascular-specific promoter kdrl. Controlled by the Tg(kdrl:DenNTR) larvae treated with DMSO ( Fig. 1a) and Tg(kdrl:GFP) larvae treated with Mtz ( Supplementary Fig. 1a) , incubation of the Tg(kdrl:DenNTR) larvae at 3 days post fertilization (3 dpf) with Mtz led to ablation of a majority of regional cerebrovascular endothelial cells (ECs) at 0 days post treatment (0 dpt, equivalent to 4 dpf), but left some larger vessels intact (Fig. 1b, arrowheads) . Because blood vessel ECs (BECs) in the brain are more sensitive to Mtz than those in the trunk, specific injury to brain blood vessels was achieved using a low concentration (1 mM) of Mtz, without affecting trunk vasculature or generating body phenotypes ( Supplementary Fig. 1c ). 4 Widespread apoptotic signals were detected in the brain after Mtz treatment, including endothelial and neuronal tissues ( Supplementary Fig. 1d ,e). Local haemorrhages appeared in the brain ( Supplementary Fig. 1f,g ), mimicking the symptoms of massive ischemic stroke. Macrophage infiltration and engulfment of dead cells were observed ( Supplementary Fig. 1h,i) . All these data demonstrate that Mtz treatment damages the local cerebrovascular network and generates an injured area in the brain. The emergence of neoangiogenesis from the peri-injured into the injured area was observed at 1 dpt (Fig. 1b, arrows) . This regeneration process proceeded at 2 dpt, became evident at 5 dpt, and completed at 7-8 dpt ( Fig. 1b and Supplementary Fig.   1b ).
Brain vascular injury induces a Vegfc-dependent ingrowth of meningeal lymphatics into the injured parenchyma Using the lyve1b or prox1a promoter-driven transgenes to label lymphatic vessels 20,21 ,
we found rapid and active ingrowth of lymphatics into the injured area on the first day after cerebrovascular injury, but apparently slowed by the second day (Fig. 1 , c-e, and Supplementary Fig. 2 ). Frontier sections of the brain showed that lymphatics were only present in the meninges at the brain surface under physiological conditions (Fig.   1f, #1 ), but became abundant in the brain parenchyma at 1 dpt after injury (Fig. 1f, #1'). Meningeal lymphatics/muLECs turn out to be the only known lymphatic ECs (LECs) inside zebrafish skull [10] [11] [12] . (Fig. 2f,g ). All the results above demonstrate that meningeal lymphatics respond to cerebrovascular injury and rapidly grow into the injured brain parenchyma.
Active lymphangiogenesis requires lymphangiogenic factors. Using kdrl:DenNTR and nkx2.2:GFP transgenes, fluorescent in situ hybridizations (FISH) showed activation of the classical pro-lymphangiogenic marker vegfc in the remaining
BECs and a portion of nkx2.2-positive neurons, inside and at the border of the injured area at 1 dpt (Fig. 3a,b and Supplementary Fig. 3a,b) . Activation of vegfc dramatically reduced at 3 dpt and reached the bottom level at 4-5 dpt (Fig. 3c) . Vegfr3, the Vegfc receptor, was exclusively expressed in the ingrown LECs and kept absent in the BECs (Fig. 3d-f and Supplementary Fig. 3c -e). These expression patterns suggest that residual BECs and neurons secrete the pro-lymphangiogenic factor Vegfc to act on LECs, thus promoting the ingrowth of meningeal lymphatics. To make sure the 6 functional significance of Vegfc for the ingrowth of meningeal lymphatics, we applied the ccbe1 mutant. Ccbe1 is required for the processing and maturation of Vegfc, thereby its mutation causes defective lymphangiogenesis [22] [23] [24] . Although the ccbe1 mutant exhibited defects in lymphatic development and slight cerebral oedema as indicated by the inter-optic distance, its brain vasculature remained normal ( Supplementary Fig. 4 ). However, ingrowth of meningeal lymphatics (fli1+kdrl-) and cerebrovascular regeneration (kdrl+) failed to occur in the mutant after injury ( Lumen of the ingrown meningeal lymphatics appeared at 2 dpt (Fig. 4h , arrows).
Alexa647-IgG filled in the lumen immediately after the ICV injection, then became drained out thirty minutes later (Fig. 4i) . The focused ion beam scanning electron microscopy (FIB-SEM) analyses later will provide further evidences that the ingrown meningeal lymphatics were lumenized at 2 dpt (Fig. 5h) . All these data demonstrate that the ingrown meningeal lymphatics undergo a lumenization process between 1 dpt and 2 dpt, thus becoming functional to drain interstitial fluid to resolve cerebral oedema.
The ingrown lymphatics act as "growing tracks" for nascent blood vessels and produce Vegfa to promote the neoangiogenesis 8 Based on phenotypes of the ccbe1 mutant ( Fig. 3h) , we next explore roles of the ingrown meningeal lymphatics in brain vascular regeneration. Nascent blood vessels were observed growing along the preformed, ingrown lymphatics ( Active neoangiogenesis requires pro-angiogenic factors. Zebrafish meningeal LECs can produce Vegfa to regulate meningeal angiogenesis during development 10 ,
implying their further functions in cerebrovascular regeneration as pro-angiogenic factor-producing cells. vegfa was highly expressed in the ingrown LECs at 1 dpt ( Fig.   9 6a,b and Supplementary Fig. 3f,g ), whose expression level was approximately three-fold of the control muLECs (Fig. 6c) . Application of SU5416, an inhibitor of the Vegfa signaling, was ineffective to the meningeal lymphatic ingrowth after injury, but led to devoid of neoangiogenesis (Fig. 6d-g and Supplementary Fig. 6 ). Because
Vegfa is also produced by other cell types in the injured area (Fig. 6b, arrowhead 34.7% of them act as "growing tracks" for nascent blood vessels at 4 dpt, in contrast to 70.3% of those originating from the conMO-donor cells (Fig. 6h-k) . These data suggest the ingrown meningeal LECs as Vegfa-producing cells that promote the neoangiogenesis.
The ingrown lymphatic vessels undergo apoptosis and clearance after cerebrovascular regeneration is complete 10 Taken together the data above, meningeal lymphatics rapidly grow into brain parenchyma in response to cerebrovascular damage. On one hand they drain interstitial fluid to resolve brain oedema, on the other hand they act as "growing tracks" to guide the growth of nascent blood vessels and produce Vegfa to promote the neoangiogenesis. However, this ingrown lymphatics-mediated cerebrovascular regeneration mechanism resulted in the presence of lymphatic vessels in the brain parenchyma, inconsistent with its physiologically lymphatic-free status. Therefore, we explored the fate of the ingrown lymphatic vessels after the completion of cerebrovascular regeneration. Time courses using the lyve1b or prox1a
promoter-driven transgenes provided evidences that the ingrown lymphatic vessels gradually disappeared from 5 dpt to 7 dpt ( Fig. 7a and Supplementary Fig. 2 ).
Apoptotic signals, detectable in some ingrown LECs from 4 dpt onward ( Supplementary Fig. 7 ), became strong and evident at 6 dpt, but were rarely detectable in the BECs (Fig. 7b-d) . These data indicate apoptosis and clearance of the ingrown lymphatic vessels after the completion of cerebrovascular regeneration, so that the brain parenchyma recover the lymphatic-free status.
The ingrown lymphatics-mediated cerebrovascular regeneration is conserved in the zebrafish photochemical thrombosis model
To answer the question whether the ingrowth of meningeal lymphatics occurs in other cerebrovascular injury models, we established another zebrafish model using 11 photochemical thrombosis, closely mimicking human cerebral thrombosis. The photochemical techniques have been reported to efficiently induce photothrombotic ischemia and damage to local blood vessels in the mouse and rat brain as well as in the zebrafish DA [25] [26] [27] [28] . Titrations showed that cold light illumination for 600 seconds after injection of Rose bengal induced thrombosis and damage to blood vessels in the illuminated area of zebrafish brain ( Supplementary Fig. 8 and Supplementary Video 6). In contrast to the control injected with Rhodamine (Fig. 8b) , meningeal lymphatics invaded the injured area (Fig. 8c , dotted circle) by 2 days post illumination (dpi).
Nascent blood vessels (Fig. 8c , arrowheads) grew along the ingrown lymphatics ( Fig.   8c , arrow) and cerebrovascular regeneration fulfilled by 4 dpi. At 6 dpi and 7 dpi, the ingrown lymphatic vessels were cleared from the injured area and cerebrovascular regeneration accomplished (Fig. 8c) . These results indicate that the meningeal lymphatics-mediated brain vascular regeneration mechanism is conserved in the photochemical thrombosis model.
Discussion
In summary, brain vascular injury induces rapid ingrowth of meningeal lymphatics into the injured brain parenchyma, which is dependent on the locally activated Vegfc.
These ingrown lymphatics on one hand become lumenized to drain interstitial fluid from the injured parenchyma to resolve cerebral oedema. On the other hand, they serve as a migratory scaffold to guide the growth of nascent blood vessels and 12 produce Vegfa to promote the neoangiogenesis (Fig. 7e) . Meningeal LECs in zebrafish were nonlumenized and previously called muLECs, BLECs, or FGP cells [10] [11] [12] . It is reasonable to refer them as meningeal lymphatics in this study, because they can grow into the injured brain parenchyma and form authentic, lumenized lymphatic vessels. Lumenization is not a prerequisite to be acting as "growing tracks", because growth of nascent blood vessels along nonlumenized lymphatics at 1 dpt and along lumenized lymphatic vessels after 2 dpt have both been observed. 
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Supplementary information is available in the online version of this paper. 19 Figure legends the meningeal lymphatics at 1 dpt (f, n=8) and the ratios of lymphatic vessel with nascent blood vessel growing along at 3 dpt (g, n=8) were exhibited. Scale bar, 50 μm.
Mean ± s.e.m., ***P < 0.001, NS, not significant, Student's t-test. h-k, Generation of Vegfa mosaic animals by cell transplantations. If a conMO was injected into donor embryos, the majority of prox1a+GFP+ lymphatic vessels that originated from the donor cells were "growing tracks" of nascent blood vessels in the acceptor larvae (h, n=109/155 vessels, 70.3%). The ratio of prox1a+GFP-lymphatic vessels (originate from acceptors themselves) acting as "tracks" is similar (i, n=320/463 vessels, 69.1%).
In contrast, among all the ingrown meningeal lymphatics originating from the vegfaMO-donor cells (prox1a+GFP+), the majority of them failed to be "growing tracks" for nascent blood vessels (j, n=126/193 vessels, 65.3%), whereas the majority of prox1a+GFP-vessels (originate from acceptors themselves) still acted as "tracks"
(k, n=361/527 vessels, 68.5%). Scale bar, 20 μm. By 2 dpi, meningeal lymphatics (arrow) grew into the injured area. Nascent blood vessels grew along the ingrown lymphatics, and the neoangiogenesis fulfilled by 4 dpi.
At 6 dpi and 7 dpi, the ingrown lymphatics become cleared from the injured area (n=15/20). Arrowheads indicate the leading edge of growing blood vessels. Scale bar, 50 μm.
